This study assessed the effectiveness of modern endodontic shaping and filling procedures on mesiobuccal roots of maxillary molars with two canals. The canals of 20 mesiobuccal roots were treated with Mtwo rotary files, passive ultrasonic irrigation and Guttafusion obturators. X-ray computed microtomography analysis was carried out prior to treatment, after canal shaping and after canal filling to determine the alterations of the canal volume before and after the instrumentation, the volume of the hard tissue debris, and percentage of the volume occupied by filling materials. The shaping instruments and filling materials reached only partially the endodontic space of the second mesiobuccal canal and the accessory endodontic structures. Canal irregularities, ramifications, and interconnections were accumulation sites of hard tissue debris. This study demonstrated that rotary files, passive ultrasonic irrigation and carrier-based filling systems could be partially effective for the treatment of the mesiobuccal canals and their accessory endodontic structures.
Introduction
It is generally accepted that the endodontic treatment's success depends on the thorough shaping and cleaning of the endodontic space and its subsequent filling with an inert material. Indeed, insufficient debridement and obturation can lead to post-treatment periapical disease. To perform proper instrumentation, the root canal should be prepared to a tapered shape respecting the original endodontic anatomy (1) . Anatomical complexities and other obstacles might hinder access to the entire endodontic space, so that complete removal of bacteria and pulp remnants is not always accomplished by instrumentation and irrigation (2) . Root canal filling must be performed to limit the infective potential of micro-organisms that have survived despite shaping and cleaning procedures (3) .
Knowledge and experience of canal morphology is fundamental to ensure the most predictable endodontic treatment outcome. Although the mesiobuccal (MB) root of maxillary molars is well known for its complex internal anatomy and the likelihood of possessing two canals more often than a single canal (4) (5) (6) (7) , it is challenging to locate the orifice of the second MB canal (MB2) and to treat it properly. Even if the orifice of the MB2 is correctly located, adequate canal debridement and filling are difficult because of a large number of possible variations, including ramifications, multiple foramina, isthmi, calcifications and presence of more than 2 MB canals (5, 7) .
Canal anatomy configuration can affect instrumentation outcomes (8) . When using nickel-titanium (NiTi) rotary files, abrupt canal curvatures can be associated with filing aberrations (9) ; furthermore, marked canal transportation is observed in narrowed curved canals in comparison with wider ones (10) . MB2 canals of maxillary molar teeth are often characterised by abrupt curvatures and calcifications in their coronal portion (6) . In light of the aforementioned complexities, previously published microtomographic studies on MB roots did not locate and treat the MB2 canal, as its anatomy, according to the authors, is too variable (8, 11, 12) . If the MB2 canal is left untreated, there could be potentially relevant clinical implications deriving from a persistent endodontic infection; furthermore, the interconnection areas can contain infectious material as well. Indeed, it has been demonstrated that rotary instrumentation can cause the accumulation of a substantial amount of debris in the isthmi and interconnections of mesial roots of mandibular molars (13, 14) ; a similar debris accumulation can be hypothesised in MB canals of upper molars.
Traditionally, the effect of rotary instrumentation on canal shape has already been assessed by double-exposure radiography (15) and Bramante's reassembly technique of multiple cross-sections (16) . Computed microtomography (l-CT) is a more recent non-destructive approach (8, 10) , which allows a three-dimensional assessment of canal shape variations before and after instrumentation (12, 17) . Maxillary first molars have been already scanned by l-CT in order to evaluate the canal shaping properties of several NiTi systems (11) . However, to the best of our knowledge, there is no previous l-CT work considering the effects of both root canal instrumentation and obturation.
The aim of this study is to appraise the effects of root canal instrumentation and filling on the complex anatomy of MB roots of maxillary molars with two canals. Specifically, the null hypotheses were that there is no significant difference (i) between the volumes of the MB canals before and after the shaping procedures, (ii) between the volume of the filling materials and a wholly filled ideal canal. Furthermore, the hard tissue debris accumulated inside the root canal after shaping was quantified and the canal filling was evaluated qualitatively.
Materials and methods

Specimen preparation
The local ethics committee of the University of Trieste approved the experimental protocol of this study (No. 50, September 9 th , 2013). Sample size was determined according to data gathered in preliminary l-CT studies (a = 0.05; b = 0.20; d = 3.0; r = 3.0). Twenty maxillary first molars with fully formed apices and two distinct canal orifices in the MB root were randomly chosen from a pool of extracted teeth from adult subjects aged between 25 and 60 years, whose sex and race were unknown. Teeth were immersed in 5.25% sodium hypochlorite for 10 min, cleaned to remove calculus, periodontal ligament, and bone remnants and finally stored in 0.1% thymol solution before use. The MB root was sectioned with a cutting disc. Irrigation during instrumentation was performed with 5.25% sodium hypochlorite, rinsing the canal with 2 mL of the solution after each instrument using an endodontic syringe mounting a side-vented needle (27-gauge VistaProbe Irrigating Tips, Vista, Racine, WI, USA). The tip of the needle was inserted to 1 mm short of the working length (18) and moved in and out for better agitation of the irrigant in the apical and middle thirds. Passive ultrasonic activation was carried out using a stainless steel non-cutting wire (Irrisafe, Satelec Acteongroup, M erignac, France), 1 mm short of the working length and driven at power setting "blue 4" by an ultrasonic device (Suprasson Pmax Newton, Satelec Acteongroup) for 20 s. After a further rinse with 2 mL 5.25% sodium hypochlorite, all canals were irrigated with 5 mL 17% EDTA (Pulpdent, Watertown, MA, USA) for 2 min, followed by 5 mL 5.25% sodium hypochlorite and copious rinsing with saline solution.
Canals were dried with paper points (VDW, Munich, Germany). A carrier-based system (Guttafusion, VDW) with obturators corresponding to the last rotary file was used for canal filling. A size verifier (VDW) was inserted to 0.5 mm from working length to check the adaptation of the selected obturators. Canal walls were smeared with a paper point coated with sealer (Pulp Canal Sealer, SybronEndo, Orange, CA, USA). The heated obturator was inserted to the working length according to the instructions of the manufacturer and the handle was bent and removed.
Computed microtomography analysis
A cone-beam system, TOMOLAB (www.elettra.trieste.it/ Labs/TOMOLAB) (19) , was used to perform X-ray l-CT analysis of samples. The device makes use of a sealed microfocus X-ray tube that could guarantee a focal spot size of 5 lm in an energy range from 40 kV to 130 kV and a maximum current of 300 lA. The detector was a CCD digital camera, which allowed for a 49.9 9 33.2 mm 2 field of view and a pixel size of 12.5 9 12.5 lm 2 . Each sample was placed on its coronal surface onto the turntable of the device with the root apex directed upwards. The l-CT scanning parameters were set as follows: distance source-sample (FOD) = 100 mm; distance source-detector (FDD) = 400 mm; magnification = 49; binning = 2 9 2; voxel size = 6.25 lm; projection dimensions (pixels) = 1984 9 1024; reconstructed slice dimensions (pixels) = 1984 9 1984; number of projections = 1440; number of reconstructed slices = 864; E = 40 kV; I = 200 lA; exposure time = from 2 to 5 s (depending on sample size). The l-CT data were reconstructed as 16-bit tomographic images by means of dedicated commercial software (COBRA, Exxim Computing Corporation, Pleasanton, CA, USA).
For each considered sample, the three reconstructed datasets (before root canal instrumentation, after root canal instrumentation and after root canal filling) were three-dimensionally co-registered via the affine registration tool available in the commercial software Amira (FEI, Visualization Sciences Group, Burlington, MA, USA). The root canals were then segmented by thresholding via a visually assessed threshold. From the co-registered segmented images, the alterations of the volume (before and after the instrumentation), as well as the percentage of the volume occupied by the filling material, were computed by counting the number of voxels of each segment in the processed images (20) . The volume of hard tissue debris was calculated counting the voxels inside the endodontic space that were filled with a radiopaque material in the scan after the instrumentation and with radiotransparent material in the first scan. The amount of hard tissue debris was expressed as the rate between the volume of apparent debris and that of the whole endodontic space after instrumentation. Skeleton analyses were also performed according to methodology reported in Brun et al. (21) to assess the thickness of the root canals in specific points. Root canal morphology analysis was conducted by referring to a logic 4-digit codification system (22) .
Statistical analysis
Microtomographic data were analysed by means of statistical software (Statistical Package for Social Sciences Software v. 15.0, SPSS Inc., Chicago, IL, USA). All datasets were tested for the normality of the data with a ShapiroWilk test and Q-Q normality plots. A paired sample t-test was used to assess the significance of the difference between the volume of the endodontic space before and after canal shaping. The rate of effective canal filling was evaluated by means of a one-sample t-test (test value = 1.00). The statistical significance was set at P < 0.05.
Results
The graphs represented in Figure 1 summarise the mean volumes of the endodontic space before and after root canal instrumentation, as well as the volumes of the filling materials (gutta-percha and sealer). The volume of the endodontic space significantly increased after canal shaping (P < 0.001). However, the filling materials occupied less than three-fourths of the volume of the endodontic space after canal instrumentation, with the average filling percentage being significantly lower than the wholly filled ideal canal (P < 0.001). Consequently, the null hypotheses of this study were both rejected.
As to the hard tissue debris analysis, the three-dimensional reconstructions of the entire endodontic system of MB roots showed debris accumulation in the transition area between the enlarged canals and secondary canal structures, isthmi, fins and ramifications (Fig. 2) . The mean volume of the hard tissue debris left by the shaping procedures was 3.37 AE 0.98% of the whole endodontic space after instrumentation.
The qualitative analysis revealed that the most predominant root morphology among the observed specimens was two independent canals (11 roots). The remaining roots showed different types of canal interconnections and were classified as other configurations. The Figure 1 Box and whiskers plot relative to the volumes of the endodontic space at baseline and after canal shaping, and to the volume of the filling materials (grey boxes, data expressed in mm 3 ). The variation in volume after canal shaping and the rate of filling are plotted as bars in the respective experimental phases (percentage mean value and standard deviation).
data regarding the classification of the whole sample are reported in Table 1 . Figure 3 shows l-CT slices and isosurface 3D renderings of the considered datasets of the three unclassifiable samples, whose anatomical complexities are described below. Synthetically, sample A had two separated canals characterised by multiple curvatures and ramifications. Interconnections, secondary foramina and little less than half the MB2 canal were impossible to be instrumented due to the limited thickness of the original canal, which was found to be 38 lm in diameter (Fig. 4) . The total canal volume changed from 0.68 mm 3 to only 0.82 mm 3 . Filling materials could occupy only a volume of 0.49 mm 3 and evident obturation defects were detected in the MB2 canal.
In sample B there was a dense network of accessory canals in the body of the root, connecting the two main canals and sporadically reaching the external root surface. Satisfactory centring of preparation was observed in the first MB canal, whereas canal straightening and deviation from the original canal shape occurred in the apical area of the MB2 canal. Canal volume increased from 0.54 mm 3 to 1.07 mm 3 . Except small internal voids in the filling of the MB2 canal, the main canals were effectively filled. Since no accessory endodontic structures could be accessed by shaping or filling procedures, only 0.76 mm 3 of the endodontic space were filled.
Sample C presented two small canals connected by an isthmus all the way to the apex. Consistently, the apical anatomy showed an elongated foramen with separate subsidiary foramina. The regular shape of this canal configuration allowed for the complete treatment of two distinct canals, except for the central part of the isthmus, which was only partially reached by the shaping and irrigating procedures. Canal volume doubled after instrumentation, growing from 0.99 mm 3 to 1.95 mm 3 . In comparison with the other samples, filling rate was relatively high (1.61 mm 3 ). The filling materials meld together in the apical third but were unable to infiltrate either the isthmus space or secondary foramina.
Discussion
This study observed that the internal anatomy of the MB root of maxillary first molars is characterised by pronounced variability, in accordance with earlier l-CT studies (5) (6) (7) 17) . As highlighted by other researchers (23) , the canal configuration of the MB root can -sometimes -hardly be categorised according to previously described classifications, the most widespread being Weine's (4) and Vertucci's (24) . With some differences among the analysed roots, only the main root canal structures could be easily shaped, while the accessory areas of the endodontic system were not reached by shaping instruments and filling materials, mainly because of marked irregularity, especially abrupt multiple curvatures and reduced width. In some specific scenarios, MB roots can contain a network of canal ramifications, which can be so intricate that it is most likely not reachable by shaping, irrigating and filling procedures. Insufficient cleaning and preparation of root canal can constitute a major hindrance to an effective filling. Our study proved that the volume of root filling could be far from being acceptable, ranging from 59% to 82% of the endodontic space after canal shaping. A further explanation of the unsatisfactory filling observed in this study may be the lateral packing of dentine debris along the canal wall irregularities and inside the orifices of the secondary canal ramifications. The implications of incomplete shaping and filling differ in relation to their localisation, as the areas where there is communication between the endodontic space and the periodontium are the most clinically relevant. Unfortunately, in MB roots, multiple foramina are not infrequent, and they were rarely sealed by filling materials. For endodontic therapy to be successful, the clinician ideally needs to locate all root canals, shape, disinfect and fill them to the maximum extent. Trying to locate, debride and seal the MB2 can be a difficult task in some cases since the complex internal root anatomy poses technical obstacles that cannot always be overcome with current endodontic instruments. The frequent presence of abrupt canal curvatures, limited width, and morphological complexities often constitute a major obstacle for the proper canal negotiation, the progression of shaping instruments and, hence, effective canal filling. It is generally believed that the effects of irrigation with disinfectants ideally compensate the impossibility to clean mechanically the entire surface of the endodontic space. Consequently, in cases with supposed complex anatomy, it is advisable for the clinician to focus primarily on the cleaning and activation of the irrigant, rather than on conventional instrumentation, because this and other studies (5, 11, 23) have shown that some areas of the space in MB roots are too complex to be managed with conventional shaping techniques. The passive ultrasonic irrigation protocol adopted in this study may be insufficient for the thorough debridement of the complex internal anatomy of MB2 canals. Hence, the effort to optimise the canal cleaning might be maximised in MB roots. There are alternative methods to enhance the effectiveness of chemo-mechanical debridement of the root canal, such as irrigating with various acid solutions (25) , manual (26) and machine- assisted (27) agitation of the irrigant solution, and photon-initiated photoacoustic streaming by laser activation (28) . Photon-induced photoacoustic streaming involving agitation of sodium hypochlorite has been demonstrated to be particularly effective in cleaning the isthmus area of roots with two canals, by creating explosive vapour bubbles with secondary cavitation effects, promoting fluid interchange and the removal of debris (29) or intracanal medicaments (30) . The optimisation of canal debridement in the different configuration of MB roots should be taken into account in future studies, focusing in particular on the removal of debris in inaccessible areas.
As to the extrapolation of data from l-CT studies, the quantitative measurements of the alterations of the volume (before and after instrumentation) as well as the percentage of the volume occupied by the filling material, are affected by the quality of the image segmentation process, which is in turn affected by the quality of the reconstructed images in terms of spatial and contrast resolution and noise. However, due to the acceptable contrast-to-noise ratio of the l-CT reconstructed images, a simple segmentation by thresholding was found to be adequate. Moreover, considering the average size of the root canals, the voxel size of 6.25 lm seems to be sufficient for a quantitative characterisation of the size of the structures. While the binarization of microtomographic images of simple endodontic structures is straightforward, it may not be possible to make an objective analysis of different canals that join and combine. More specifically, considering the huge complexity that MB canals possess, the endodontic space should always be analysed as a whole; otherwise, the distinction of the border between two or more canals on the tomographic slice would be purely arbitrary.
Conclusions
Within the limitation of this study, it is possible to conclude that, making use of NiTi rotary files with passive ultrasonic irrigation and carrier-based systems, the MB2 canal and the complex accessory endodontic structures of the MB root of maxillary molars were reached by shaping instruments and, consequently, by filling materials only partially. This finding was ascribable to the accumulation of hard tissue debris in the endodontic irregularities -how canal debridement can be enhanced in such cases is an issue that still needs to be addressed.
